The purpose of this study was to compare the results of acute type A aortic dissection (ATAAD) repair before and after implementation of a multidisciplinary thoracic aortic surgery program (TASP) at our institution, with dedicated high-volume thoracic aortic surgeons, a multidisciplinary approach to thoracic aortic disease management, and a standardized protocol for ATAAD repair.
Despite advances in diagnosis and surgical techniques, operative mortality rates for acute type A aortic dissection (ATAAD) repair continue to exceed 20% in the United States and abroad (1) (2) (3) (4) . However, recent studies have suggested that outcomes of thoracic aortic surgery may be improved when operations are performed at high-volume surgical centers with focused expertise in thoracic aortic surgery (1, 3, 5, 6) . Beginning in July 2005, a thoracic aortic surgery program (TASP) was introduced at our institution based on the hypothesis that performance of operations by a multidisciplinary aortic surgery team led by dedicated highvolume thoracic aortic surgeons would lead to improved outcomes. In this report, we compared the results of ATAAD repair before and after implementation of the TASP at our institution.
Methods
Patient population and data collection. This study was approved by the institutional review board of Duke University, and the need for individual patient consent was waived. We retrospectively reviewed the records of all patients at our institution diagnosed with spontaneously occurring ATAAD (less than 2 weeks from symptom onset) 6 years before (June 30, 1999 to June 30, 2005) and 6 years after (July 1, 2005 to July 1, 2011) implementation of the TASP. Patient records were identified from the prospectively maintained Duke Thoracic Aortic Surgery Database (2005 to present) (7-9) as well as from a query of the Duke Enterprise Data Unified Content Explorer for all patients with a discharge diagnosis code (International Classification of Diseases-Ninth Revision-Clinical Modification) of 441.0 (dissection of aorta) or 441.01 (dissection of aorta, thoracic). Patients with iatrogenic ATAAD secondary to cardiac surgery or thoracic endovascular aortic repair were excluded from the analysis because risk estimation variables related to hospital presentation could not be ascertained in cases of iatrogenic ATAAD identified intraoperatively. Comorbid conditions and post-operative complications were defined using Society of Thoracic Surgeons definitions (http://www.sts.org). Long-term follow-up and survival were assessed from the medical record and the Social Security Death Index. Individual surgeon ATAAD procedural volume was calculated by dividing the number of ATAAD repairs performed by the number of academic years in which they performed at least 1 ATAAD operation. Thoracic aortic surgery program. The multidisciplinary TASP at Duke University Medical Center includes cardiothoracic surgery, vascular surgery, cardiac anesthesia, cardiovascular medicine, cardiac critical care, radiology, neurology, pathology, medical genetics, blood bank, nursing, and perfusion specialists. Elective and nonelective thoracic aortic operations are performed primarily by 2 principal surgeons (G.C.H. and J.G.G.) who received advanced fellowship training in thoracic aortic surgery. During the first 6 years after program implementation, 520 open proximal thoracic aortic operations (ascending, root, and/or arch replacement) were performed, for an average institutional volume of 87 proximal aortic repairs per year. Before implementation of the TASP, ATAAD repairs were performed by the general cardiac surgeon on call. Patient selection and operative technique. Our current approach to ATAAD repair represents an adaptation of the techniques championed by Bavaria et al. in 2001 (10) and described previously by our group in prior publications (7, 8) . Unstable patients (ongoing pain, hemodynamic compromise, tamponade, or malperfusion) and those who presented within 48 h of symptom onset were taken emergently to the operating room for immediate surgical repair. Stable, asymptomatic patients who arrived more than 48 h after initial symptom onset underwent urgent operation after completion of a pre-operative evaluation (5, 11, 12) . Patients with established visceral malperfusion, especially if static malperfusion or severe limb ischemia with loss of motor function, underwent a "complication-specific approach" in an attempt to first alleviate the malperfusion syndrome (13, 14) .
For patients with debilitating pre-operative stroke, operation was delayed by 1 to 2 weeks in coordination with the neurology service if the patient was hemodynamically stable without rupture or tamponade. Patients with uncomplicated acute type A intramural hematoma with an ascending aortic diameter less than 5 cm were managed medically (15) . Operation was deferred in patients with multisystem organ failure or prohibitive comorbidities or in patients undergoing cardiopulmonary resuscitation with chest compressions.
All operations were performed by median sternotomy with intraoperative transesophageal echocardiographic and invasive hemodynamic monitoring. Methylprednisolone (1 g intravenously) was administered for pharmacological neuroprotection to all patients pre-operatively. The standard operation involved aortic valve resuspension with ascending aorta and hemi-arch replacement (7, 10) . Aortic root replacement was performed selectively for aortic root aneurysm, intrinsic aortic valve pathology not amenable to repair, or extensive destruction of the intima of the aortic root by the dissection process. Total arch replacement was similarly performed for aneurysm or extensive destruction of the transverse arch. For hemi-arch or total arch repair, the open distal anastomosis was completed under a period of deep hypothermic circulatory arrest with the duration of cooling guided by electroencephalographic monitoring, when available (16) . In the unmonitored cases, patients were cooled for a minimum of 50 min or until the nasopharyngeal temperature was below 18 C (17). Adjunctive antegrade cerebral perfusion via the right axillary artery was the preferred cerebral protection strategy in circulatory arrest cases, with retrograde cerebral perfusion being used in cases in which the right axillary artery was not suitable for cannulation, as previously described (7) . Transfusion practices were performed as previously described, with intraoperative low-dose recombinant activated factor VII (rFVIIa) administered to patients with severe coagulopathy refractory to routine transfusions (7) (8) (9) . Statistical analysis. Categorical variables were represented as number and percent, and continuous variables were represented by mean, SD, and range. Predicted surgical mortality was calculated using the International Registry of Acute Aortic Dissection (IRAD) pre-operative prediction model (18) . Estimates of long-term survival were calculated for all patients using the Kaplan-Meier method and compared between eras using the log-rank test. The Fisher exact test was used for all other statistical comparisons, including comparisons of observed and expected mortality 
Results
Patient presentation. Between July 1999 and July 2011, 150 patients at our institution were diagnosed with ATAAD, of whom 128 (85%) underwent operative repair. Of these, 56 underwent repair before and 72 underwent repair after implementation of the TASP. Baseline characteristics of the operative cohort are shown in Table 1 . No statistically significant differences in demographic or comorbid characteristics were noted between the pre-TASP and TASP groups. Expected operative mortality. The IRAD pre-operative prediction model was used to calculate expected operative mortality rates for the operative and nonoperative patient cohorts before and after implementation of the TASP ( Table 2 ). Expected operative mortality was similar between eras for operative patients as well as for nonoperative patients who declined surgery, died prior to surgery, or in whom operation was deferred. Operative details. Operative parameters are shown in Table 3 . Fewer TASP patients underwent emergent surgery and fewer underwent surgery during the night. Several important differences in operative technique were further observed between eras, with a higher proportion of arch replacements, aortic valve resuspensions, and nonmechanical aortic root replacements performed in the TASP era.
Concomitant procedures were less common in the TASP era primarily due to a decreased proportion of patients undergoing concomitant coronary artery bypass grafting, and mean cardiopulmonary bypass (CPB) time was reduced by 20%. A higher proportion of cases used circulatory arrest in the TASP era, and the circulatory arrest cases employed lower cooling temperatures, shorter circulatory arrest times, and increased use of selective cerebral perfusion when compared with the pre-TASP era. Use of rFVIIa was restricted to the TASP era and was administered intraoperatively in 27 (38%) and post-operatively in 3 (4%) TASP patients.
Outcomes. The 30-day/in-hospital adverse events are listed in Table 4 . Significant reductions in the rates of reoperation for bleeding, delayed sternal closure, and operative mortality were observed between the TASP and pre-TASP eras. Operative mortality before TASP implementation was 33.9% and was statistically equivalent to the IRADpredicted mortality rate of 26.0% (observed-to-expected mortality ratio 1.30; p ¼ 0.54) ( Fig. 1 ). Five deaths occurred intraoperatively, and the causes of death were hemorrhage in 5, withdrawal of care due to severe neurological injury in 5, cardiac arrest in 3, multisystem organ failure in 3, failure to wean from CPB in 2, and ruptured descending aorta in 1. Operative mortality after TASP implementation fell to 2.8% and was statistically improved compared with the IRAD-predicted mortality rate of 18.2% (observed-toexpected mortality ratio 0.15; p ¼ 0.005) ( Fig. 1) . No patients died intraoperatively, and the causes of death included cardiac arrest in 1 and acute myocardial infarction in 1. Differences in survival persisted over long-term follow-up, with 5-year survival rates of 85% observed for TASP patients (mean follow-up 52 AE 23 months) compared with 55% for pre-TASP patients (mean follow-up 104 AE 38 months) (Fig. 2) .
Surgeon-specific procedural volume and outcomes. During the 6-year period prior to TASP implementation, an average of 9 ATAAD repairs were performed per year at the institution. These operations were performed by 11 different surgeons with average annual procedural volumes of 2.0 AE 1.3 ATAAD repairs/year (range 1 to 4 ATAAD repairs/ year). Surgeon-specific mortality rates ranged from 20% to 67% for the 8 surgeons who performed more than 1 ATAAD operation during the study period ( Fig. 3) . During the first 6 years after TASP implementation, an average of 12 ATAAD repairs were performed per year at the institution. Seventy (97%) of these cases were performed by the 2 principal TASP surgeons, of whom surgeon 12 performed an average of 9.7 ATAAD repairs/year with a surgeon-specific mortality rate of 1.7% and surgeon 13 performed an average of 4.0 ATAAD repairs/year with a surgeon-specific mortality rate of 8.3% (Fig. 3 ).
Discussion
In this single-center experience, we demonstrated a significant reduction in operative mortality for ATAAD repair following the implementation of a TASP with dedicated high-volume thoracic aortic surgeons, a multidisciplinary approach to thoracic aortic disease management, and a standardized protocol for ATAAD repair. The contemporary operative mortality rate of 2.8% appears improved compared with cumulative operative mortality rates reported by national and international registries (1) (2) (3) 19) but similar to other experienced aortic centers where operative mortality rates below 10% have been achieved (10, (20) (21) (22) . Although patient characteristics and expected operative mortality rates were statistically equivalent between eras, there were several important differences in patient risk profiles that likely influenced outcomes. Specifically, TASP patients were noted to be younger and had decreased rates of hypotension, shock, tamponade, and myocardial infarction at presentation compared with pre-TASP patients. Correspondingly, the expected operative mortality for TASP patients was numerically lower than for pre-TASP patients (18.2% vs. 26.0%). As a result, the observed-to-expected mortality improved only 9-fold after TASP introduction (0.15 vs. 1.30), whereas raw mortality rates improved by 12-fold (2.8% vs. 33.9%), suggesting that the reduction in operative mortality was partially due to operation on lowerrisk patients. However, deferral of surgery in high-risk patients did not appear to be the underlying source of the reduced operative risk, given that the rate of nonoperation remained unchanged at 15% and the predicted mortality of the nonoperative patients was nearly identical between eras. In addition, the rates of medical management in our series were similar to those reported in the IRAD database (9.9% to 28%), suggesting that our selection criteria were not overly selective (19, 23) . However, these data highlight that patient selection and differences in baseline risk are powerful drivers of outcomes that must be objectively assessed when comparing outcomes between centers and studies.
One of the most important advances following implementation of the TASP was the modernization and standardization of operative technique and cerebral protection strategies. Prior to the TASP, marked variability in operative technique and circulation management was observed. During this period, the rate of stroke was 12.5% and 5 deaths (8.9%) were the consequence of unrecoverable neurological injury. Essential additions to our modern operative strategy included right axillary cannulation, root replacement for standardized indications, routine hemi-arch reconstruction, use of circulatory arrest with deep hypothermia, electroencephalographic monitoring when available, and antegrade cerebral perfusion as the preferred cerebral protection adjunct. With these measures, the rate of stroke was 5.6% and no deaths resulted from neurological injury.
The second major area of improvement following implementation of the TASP was reduced morbidity and mortality from bleeding complications. Prior to TASP implementation, nearly a quarter of patients underwent reoperation for bleeding and/or delayed sternal closure and 5 patients (8.9%) succumbed to refractory hemorrhage. In the modern cohort, rates of reoperation for bleeding and delayed sternal closure were significantly reduced and no patients died of hemorrhage. These improvements are likely attributable to the advent of intraoperative low-dose rFVIIa protocols as well as standardization and optimization of transfusion maneuvers with deep hypothermia (8, 9) .
The timing and expediency of surgery were also noted to change significantly between erasdthe proportion of cases initiated at night decreased from 48% to 29% and the number of emergent cases decreased from 89% to 75% during the TASP era. It is our current practice to defer surgery until daylight hours in stable patients who present more than 48 h after symptom onset, given the low rate of rupture or acute decompensation in these patients (5) . There are several theoretical benefits of such an approach, including performance of a thorough pre-operative evaluation as well as embarking upon these challenging operations with the most qualified ancillary team members and without the undue effects of sleep deprivation on all participants. Despite these benefits, we continue to operate emergently on patients who present within 48 h of symptom onset, even if asymptomatic and stable, given the increased risk of death within this time frame as well as medicolegal considerations (5, 12) .
Lastly, our data provide additional support to the growing body of literature suggesting that outcomes of proximal aortic operations are improved when performed by highvolume centers and high-volume surgeons. Hospital procedure volume has been strongly associated with post-operative mortality for a number of complex cardiovascular procedures, including both elective and emergent proximal aortic operations (1, 3, 6) . Although our institutional ATAAD repair case volumes between 9 and 12 per year may appear modest, a review of the Nationwide Inpatient Sample (NIS) by Knipp et al (1) defined high-volume centers as those that performed more than 2.5 cases per year, and only 15 NIS-participating centers in the entire country averaged more than 10 ATAAD repairs per year. However, in an updated NIS study of aortic dissection repair, the lowest operative mortality rate of 16.4% was achieved Andersen et al. May 6, 2014 May 6, :1796 Acute Type A Aortic Dissection Repair in centers that performed more than 13 aortic dissection repairs per year (although both type A and type B repairs were included in the analysis) (3) . Given that our program achieved a substantially lower mortality rate without significantly exceeding this volume threshold, we suspect the total number of all proximal aortic cases performed yearly is likely a better predictor of outcomes than the number of isolated ATAAD repairs performed. No prior volume-outcomes study of ATAAD repair has explored this hypothesis.
Interestingly, the improvement in outcomes observed before and after TASP implementation occurred without a marked increase in institutional ATAAD case volume, suggesting that the more important component of the volume-outcomes relationship may be surgeon volume (3) . Prior to the TASP, surgeon coverage for aortic emergencies was provided by the full complement of cardiothoracic surgeons, many of whom were without expertise or recent experience in thoracic aortic surgery and performed only 1 or 2 ATAAD repairs per year. Following implementation of the TASP, ATAAD repairs were restricted to 2 highvolume aortic surgeons; as a result, surgeon case volumes increased substantially for each of the 2 principal surgeons. Further, the same 2 surgeons also performed all of the elective proximal aortic operations, dramatically increasing each surgeon's yearly proximal aortic case numbers. We suspect this supersubspecialization in proximal aortic surgery may be the major contributor to our improved results by leading to fewer technical errors, shorter CPB and circulatory arrest times, more complex root and arch operations, and avoidance of intraoperative deaths. Creation of similar programs with designated aortic surgeons at other tertiary centers may therefore represent an important way to improve outcomes for this disease process.
The current study and others further suggest that outcomes of ATAAD repair could be improved through centralization of care, possibly through the credentialing and designation of regional referral centers for aortic emergencies and establishment of protocols for rapid patient transport, given that few centers are likely to achieve the center and surgeon volume thresholds associated with the best outcomes. Although emergent operations are generally considered less amenable to triage and transfer, most patients with ATAAD are able to be stabilized and survive transfer, as evidenced by the approximately 75% of patients in our series and others who were transferred from other institutions (5) . In addition, a framework for such an enterprise that could serve as a template for other regions was recently described by Harris et al. (24) who developed a laudable community outreach program at more than 30 regional hospitals to expedite transfer of aortic dissection patients to an aortic referral center in Minneapolis, Minnesota. This initiative resulted in significant reductions in time to diagnosis, transfer, and surgery for patients with ATAAD (24) . Study limitations. Several limitations of this study should be acknowledged. TASP patients were compared with historical controls from the era immediately preceding program implementation. Therefore, unmeasured confounders related to patient selection and disease severity at presentation may influence the comparison of results between eras. A selection bias may further exist with regard to patients who were not accepted for transfer or died during transfer. The study is prone to type II error and is underpowered to detect small differences in outcomes between groups. Finally, results may not be generalizable to other institutions due to unique differences in patient populations, practitioners, and locoregional factors.
Conclusions
This study demonstrated that ATAAD repair can be performed with results approximating those of elective proximal aortic surgery when operations are performed by a highvolume multidisciplinary thoracic aortic surgery team. These data suggest that efforts to standardize or centralize care of ATAAD patients are warranted. 
